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High entropy alloys (HEAs) are metallic materials containing
more than five elements, taken mostly in equiatomic concentra-
tions.[1] Such a composition was supposed to result in the high
entropy of mixing, thereby allowing the formation of simple
face-centered cubic (FCC), body-centered cubic (BCC), or hexag-
onal close-packed (HCP) structures without intermetallic
phases.[1] In addition, sluggish diffusion, severe lattice distortion,
and cocktail effect were expected to occur in this class of alloys.[2]
Although the contribution of the high entropy of mixing to phase
structure formation was recently established as neither sufficient
nor necessary,[2] the HEA concept yielded a few equiatomic alloys
with a unique structure–property combination.[3,4]
One of the examples of the “model” HEA is an equiatomic
HfNbTaTiZr alloy with a single-phase bcc structure.[5] This alloy
belongs to a so-called refractory high-
entropy-alloy (RHEA) family, which was
introduced by Senkov et al. in the frame-
work of the new high-temperature
materials development.[6] Usually, RHEAs
demonstrate high strength at elevated
temperatures and very low ductility at room
temperature.[3,7–9] The HfNbTaTiZr RHEA,
however, shows a quite different behavior:
this alloy is very ductile at room temperature
(both in compression and tension) and can
be cold rolled to a high strain (>80% of
thickness strain);[10–12] at the same time, it
softens rapidly with an increase in tempera-
ture.[5,10,13–16] Both the yield stress and
elongation to fracture of this alloy is rather
high; however, one of the reported specific
features of this RHEA is associated with
a very low work-hardening rate during deformation.[10,14–16]
Although the HfNbTaTiZr alloy is the most studied RHEA so
far, there is a lack of systematic investigations on the deformation
mechanisms of this alloy in different conditions. Couzinié et al.
have shown that the main deformation mechanisms of the alloy at
ambient temperature were consequently related to the movement
of screw dislocations, localization of deformation in bands, and
further formation of dislocation dipoles, loops, and tangles.[17]
Later, the same authors observed the formation of shear bands
and kink bands during compression of the alloy at different strain
rates.[18] However, the evolution of the microstructure and prop-
erties of this RHEA during such an industrially important defor-
mation scheme as cold rolling is still an open issue.[10–12]
In this study, the microstructure evolution of the HfNbTaTiZr
RHEA during cold rolling, as well as mechanical properties of the
severely deformed alloy, was thoroughly examined, and a crucial
role of deformation kinking in an unusual mechanical behavior
(low work hardening) of this alloy was revealed.
In the initial state, the HfNbTaTiZr alloy had a well-
recrystallized single BCC phase microstructure with an average
grain size of 200 90 μm (not shown). Rolling to εth¼ 15%
resulted in the development of a substructure and the formation
of numerous relatively thin (3–5 μm) lens-shaped kink bands
(Figure 1a, b). The misorientation of kink band boundaries varied
from 20 (high-angle misorientation) in the vicinity of the initial
grain boundaries (misorientation profile #1 in Figure 1b) to
5–10 (low-angle misorientation) at some distance apart from
the grain boundaries (misorientation profile #2 in Figure 1b).
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The effect of cold rolling on the structure and mechanical properties of the
HfNbTaTiZr refractory high-entropy alloy with a single body-centered cubic (BCC)
phase structure is studied. The microhardness evolution during cold rolling to the
thickness strain εth¼ 80% shows three distinct stages: an increase till εth 15%,
a plato in the interval 15–40%, and again some increase at εth≥ 40%. This
behavior is found to be associated with an increase in dislocation density at the
first stage, the formation of kink bands at the second stage, and the development
of shear bands with fine lamellar internal substructure at the third stage. After
cold rolling to 80%, the alloy demonstrates the yield strength of 1220MPa, peak
strength 1320MPa, and elongation to fracture 3.4%. A short steady-state flow
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With an increase in εth to 25% and 40%, the kink bands tended to
become wider (Figure 1c,d). In addition, the misorientation of
boundaries of the kink bands increased to 30–50 at
εth¼ 40% (Figure 1d). It should be noted, however, that in the
interval of strain from 15% to 40%, there was no observed notice-
able increase in the density of kink bands; that is quite similar to
the deformation twinning exhausting in BCC beta titanium alloys
or HCP alpha titanium with an increase in plastic strain.[19,20]
At εth¼ 60%, strain localization due to shear bands formation
was observed; meanwhile, the microstructure of the adjacent
regions was found to be almost intact (Figure 1e). An increase
in strain resulted in the involvement of the whole microstructure
into shear deformation so that after rolling to εth¼ 80% the
EBSD map (not shown) comprised a very small fraction of dots
with a high-enough confidence index (i.e., CI≥ 0.1). Scanning
electron microscope (SEM)-backscattered electron (BSE) image
shows a typical largely deformed microstructure composed of
elongated grains subdivided by multiple shear/kink bands
(Figure 1f ).
For a better understanding of the microstructure evolution of
the HfNbTaTiZr alloy during cold rolling, a transmission elec-
tron microscopy (TEM) investigation was conducted (Figure 2).
Deformation to εth¼ 15% resulted in a considerable increase in
dislocation density; dislocations were distributed quite heteroge-
neously in the microstructure, however. The substructure mainly
consisted of screw dislocations, which often formed dislocation
bands or elongated pile-ups (Figure 2a), whereas the regions
between the dislocation pile-ups contained only some individual
dislocations. An increase in strain intensified dislocation slip,
thereby increasing dislocation density between the dislocation
bands. After εth¼ 25%, relatively straight thin boundaries with
moderate misorientations (7–15), separating areas with differ-
ent dislocation densities, were observed in the microstructure
(Figure 2b). Most likely, these boundaries are the boundaries
of the kink bands observed in EBSD maps (Figure 1).
Localized shear bands (0.5–1.0 μm width) were observed to
form after εth¼ 40%; they contained fine lamellar structure
with mainly low-angle misorientation between the lamellae
(Figure 2c). The thickness of the lamellae was found to be
30 nm. The lamellae were divided by transversal (sub)grain
boundaries and contained a high density of dislocations
(Figure 2d). After cold rolling to the maximum strain
(εth¼ 80%), the fraction of the lamellar bands increased, result-
ing in microstructure refinement. However, the microstructure
remained quite heterogeneous, consisting of areas with a very
high dislocation density and shear bands with internal fine
lamellar microstructures.
Microhardness measurements and tensile tests were used to
evaluate the mechanical properties of the alloy. Figure 3a shows
the engineering stress–strain curve obtained during uniaxial
tension at room temperature of the HfNbTaTiZr alloy subjected
to εth¼ 80% cold rolling. The alloy, after attaining the yield point
at 1220MPa, shows a short strain hardening stage followed
by a steady-state flow stage. The peak strength of the largely
deformed alloy was 1320MPa; elongation to fracture was 3.4%.
The obtained mechanical properties are similar to those reported
earlier by Senkov and Semiatin (yield stress and peak strength
was 1202 and 1295MPa, respectively).[10]
Figure 3a shows the microhardness evolution during cold roll-
ing. Rolling to a relatively low strain of 15% resulted in a rapid
increase in the microhardness from 323 to 364HV. Further
strain in the interval of 15–40% did not result in notable changes
Figure 1. Microstructure of the HfNbTaTiZr alloy after cold rolling to ϵth¼ a,b) 15%, c) 25%, d) 40%, e) 60%, f ) 80%; a–e) EBSD IPF maps; f ) SEM-BSE
image. The rolling direction is horizontal in all cases.
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in the microhardness. However, some increase in the microhard-
ness to 394HV was observed during further rolling to εth¼ 80%.
The presented results have revealed complex changes in micro-
structure and mechanical properties of the HfNbTaTiZr alloy
during cold rolling. The initial stage of rolling (εth≤ 15%) was
mostly associated with the dislocation substructure formation
(Figure 2a,b); the observed increase in the dislocation density
resulted in substantial hardening (stage 1 in Figure 3b).
An increase in strain to εth 15–40% led to the extensive kink
bands development (Figure 1a–d, and 2b). Kink bands were first
reported by Orowan;[21] later, they were examined in detail by
many other researchers.[22,23] Kinking was observed in some
alloys with BCC, HCP, and FCC structures, including refractory
HEAs with BCC structure.[18,22,24–29] As kinking can be consid-
ered as a type of cooperative deformation mechanism being con-
trolled by slip,[23] the increase in dislocation density at the first
stage (Figure 3b) induced the activation of kinking. In turn, the
kink band formation improved the deformability of the alloy by
stress relaxation and crystal reorientation, leading to geometric
softening[30] observed at the second stage. The prolonged steady-
state flow stage was reported in the Cu–Nb nanocomposite that
was deformed by kinking.[31] In a Ti–22.4Nb–0.73Ta–2Zr–1.34O
gum alloy and other beta titanium alloys,[28,32] kinking was even
accompanied by some softening. Thus, the development of kink
Figure 2. TEM bright-field images of the microstructure of the HfNbTaTiZr alloy rolled to thickness strain of a) 15%, b) 25%, c) 40%, and d) 80%.
Figure 3. Mechanical properties of the HfNbTaTiZr alloy: a) tensile engineering stress–strain curve after ϵth¼ 80% and b) microhardness as a function of
strain during cold rolling.
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bands in our case can also be a reason for the low work hardening
of the alloy during cold rolling in the interval εth 15–40%
(Figure 3a).
Kinking terminated during further rolling (εth> 40%) due to
the development of another deformation mechanism, which is
associated with the shear bands formation (Figure 2c,d). Shear
banding is widespread phenomena in heavily deformed metals
and alloys; in the investigated alloy the propagation of shear
bands with the developed internal substructure resulted in a very
pronounced refinement of the microstructure. An increase in the
microhardness at the third stage (Figure 3b) can be ascribed
therefore to the Hall–Petch strengthening due to considerable
microstructure refinement.
Therefore, the observed increase in microhardness at the first
(εth≤ 15%) or third (εth≥ 40%) stages of cold rolling can be asso-
ciated with an increased dislocation density or the formation of
shear bands, respectively, whereas the low work hardening at the
second stage (15%≤ εth≤ 40%) can be caused by crystal reorien-
tation and geometric softening due to kinking. The kink band
formation in the areas not involved in shear deformation during
rolling was most likely responsible also for the steady-state stage
during tension (Figure 3a). However, this point, as well as the
influence of the chemical composition of RHEAs[24] on kinking,
still needs further investigations.
The effect of cold rolling on the structure and mechanical
properties of the HfNbTaTiZr RHEA was studied. The follow-
ing conclusions were made: 1) Cold rolling to 80% of thickness
reduction resulted in three distinct stages at the microhardness-
thickness strain dependence. Deformation behavior was
associated with hardness increasing till εth 15%, very limited
variation in the interval 15–40%, and then some increase at
εth≥ 40%. 2) Analysis of microstructure evolution suggested
that these stages were associated with an increase in dislocation
density at the first stage, the formation of kink bands at the
second stage, and the development of shear bands with a fine
lamellar internal substructure at the third stage. 3) The cold
rolled to εth¼ 80% alloy demonstrated a yield strength value
of 1220MPa, peak strength¼ 1320MPa, and elongation to
fracture of 3.4%. The tensile curve had a short steady-state
flow stage, which can be associated with the formation of
kink bands.
Experimental Section
The HfNbTaTiZr alloy was produced by vacuum arc melting of pure
(≥99.9 wt%) elements, constituting the alloy, in a high purity argon atmo-
sphere. The size of the produced ingot was 10 14 50mm3.
Rectangular samples measured 8 10 20mm3 were cut by an electric
discharge machine from the as-cast ingot and annealed at 1200 C for
24 h; hereafter, this condition will be referred to as the initial one.
Unidirectional multipass rolling at room temperature using a fixed rolling
speed of 30mm s1 to a thickness strain (εth) of 5, 15, 25, 40, 60, and 80%
was conducted in air using a reduction per pass of 0.1–0.2 mm.
The microstructure of the alloy was examined using SEM, electron
backscatter diffraction (EBSD) analysis, and TEM. EBSD was conducted
in a FEI Nova NanoSEM 450 field emission-gun scanning electron micro-
scope (FEG SEM) equipped with a Hikari EBSD detector and a TSL OIM
system version 6.0. On the inverse pole figure (IPF) maps, high- and low-
angle boundaries were indicated with black and white lines, respectively.
Points with low confidence index (CI≤ 0.1) were excluded from analysis
and are shown as black dots. TEM examinations were conducted using a
JEOL JEM-2100 microscope in a midthickness of the rolled specimens.
Misorientations across the (sub)grain boundaries were determined using
the conventional TEM Kikuchi line method[33] with a technique of con-
verged beam.
Vickers microhardness was examined using a load of 0.2 kg. Specimens
with the gauge measured 6 3 1mm3 were used for mechanical tests in
tension at a constant crosshead speed of 103 s1 to fracture.
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